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Teaching acid/base physiology in the laboratory. Adv Physiol Educ
34: 233–238, 2010; doi:10.1152/advan.90197.2008.—Acid/base ho-
meostasis is one of the most difficult subdisciplines of physiology for
medical students to master. A different approach, where theory and
practice are linked, might help students develop a deeper understand-
ing of acid/base homeostasis. We therefore set out to develop a
laboratory exercise in acid/base physiology that would provide stu-
dents with unambiguous and reproducible data that clearly would
illustrate the theory in practice. The laboratory exercise was devel-
oped to include both metabolic acidosis and respiratory alkalosis. Data
were collected from 56 groups of medical students that had partici-
pated in this laboratory exercise. The acquired data showed very
consistent and solid findings after the development of both metabolic
acidosis and respiratory alkalosis. All results were consistent with the
appropriate diagnosis of the acid/base disorder. Not one single group
failed to obtain data that were compatible with the diagnosis; it was
only the degree of acidosis/alkalosis and compensation that varied.
acid-base physiology; active learning; laboratory exercise
ACID/BASE HOMEOSTASIS is one of the most difficult subdisci-
plines of physiology for medical students to master (5). Typ-
ically, the approach to this subject is highly quantitative and
based on the physical characteristics and fundamental behav-
iors of acids and bases (5). Our thought was that a different
approach, which linked theory and practice, might help stu-
dents develop a deeper understanding of acid/base homeosta-
sis.
We therefore set out to develop a laboratory exercise in
acid/base physiology that would provide students with unam-
biguous and reproducible data and clearly illustrate the theory
in practice.
MATERIALS AND METHODS
Effective practical teaching requires careful planning and organi-
zation. Everything that happens before, during, and after a controlled
exercise needs to be described in detail (1). The student activities,
experiment instructions, and report requirements are described below.
Student Activities
During this laboratory exercise, students will 1) perform measure-
ments of acid/base parameters in capillary blood samples after interval
exercise (on an exercise bike; experiment 1) and maximal voluntary
ventilation (MVV; experiment 2) as well as perform an analytic and
critical evaluation and diagnosis based on data from an arterial blood
sample from a real case report.
Equipment
The following equipment is needed:
• ABL5 Blood Gas system (for measurements of pH, PCO2, and PO2
in human blood, sample size: 85 l). Derived from these measure-
ments, the following parameters are calculated: O2 saturation,
[HCO3], and actual base excess (ABE).
• Centrifuge (for measurements of hematocrit)
• Exercise bike
Instructions
Experiment 1: interval exercise. The test person is seated on the
exercise bike with his or her hand in hot water (45°C) for 5 min. The
purpose of having the hand in hot water is to dilate the capillaries in
the fingers, making the blood in these vessels more “arterial like.”
During this period, the test person cycles slowly without any signif-
icant workload on the bike. Blood samples are then drawn (2 capillary
tubes for blood gas analysis and 2 capillary tubes for hematocrit
measurements). A tiny magnet is inserted into the capillary tubes,
which are then sealed at both ends. The lancet should penetrate the
skin at the very tip of the finger. This position of the lancet gives the
best results (i.e., more blood). It is also important that the hand is
completely dry; otherwise, dilution of the blood sample may occur.
Instructions for this laboratory exercise are also available for the
students in an electronic version that has been extended with an
instruction video showing how blood sampling is performed correctly.
Now the test person starts cycling with 4-kg weight as fast as he or she
can for 15 s, rests for 30 s, cycles for 15 s, etc (in total, 5  15 s
“all-out” intervals). This protocol corresponds to a workload between
490.5 W (cadence: 100 rpm) and 686.7 W (cadence: 140 rpm). During
the rest periods, the hand is kept in hot water, and the test person
cycles at a slow pace and without any significant workload on the
bike. After the last interval, two capillary blood samples are drawn
with the test person still sitting on the bicycle. All blood samples are
kept on ice until further processing (i.e., ABL5 analysis and hemat-
ocrit measurement). Just before analysis, the blood is “stirred” using
a large magnet to move the tiny magnet within the capillary tube. The
tiny magnet is removed before analysis.
Experiment 2: MVV. The test person is seated with his or her hand
in hot water (45°C) for 5 min. Blood samples are then drawn as
described for experiment 1. Now the test person starts to hyperventi-
late (the hand is kept in hot water until the next blood sampling).
MVV is performed for 30 s followed by 30 s of rest. During the
second hyperventilation period (and after 15 s), two blood samples
are collected. At this time, the test person should experience numb-
ness and vertigo. A heavy and deep respiration is maintained after the
second interval and until blood sampling is completed. All blood
samples are handled as described for experiment 1.
Laboratory Report
Students are required to complete a laboratory report containing the
following three items.
1. A critical evaluation of the data obtained before the initiation of
the experiments (control preexperimental data) compared with litera-
ture reference values.
2. A separate analysis for both experiments 1 and 2 containing the
following:
• An extensive explanation of the changes in measured and calculated
parameters due to the intervention (pH, PCO2, O2 saturation,
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[HCO3], and ABE). Each parameter must be discussed individu-
ally.
• Buffer reaction(s).
• A diagnosis of the acid/base disturbance.
• A short description of compensatory mechanisms likely to occur
during this short experiment.
3. An analysis of “Today’s case report.” This analysis must include
a thorough discussion of the blood gas data from the patient, diagnosis
of the acid/base disturbance, buffer reaction(s), and possible compen-
satory mechanisms.
Ethics
Ethical approval was not required in this study. The volunteers
were healthy with no previous medical history, and the methods used
in this exercise are regarded as safe in healthy subjects. Precautions
were made to minimize the potential risk with regard to hyperventi-
lation, i.e., fainting, as subjects were seated and carefully monitored
by the instructor present during the exercise. The maneuver was
cancelled if subjects experienced increasing numbness/dizziness as a
result of strong hyperventilation.
Statistical Analyses
All values are given as means  SE. A paired Student’s t-test was
used to calculate statistical differences. Values of P  0.05 were
considered statistically significant.
RESULTS AND DISCUSSION
Control (Preexperimental Data) Compared With
Literature Values
Table 1 shows literature values and the average of the
control (preexperimental) data. Even though the literature val-
ues were derived from arterial blood (6), whereas the experi-
mental control measurements were derived from capillary
blood, there was surprisingly good agreement. Furthermore,
the experimental data were characterized by a very small
variation, as judged from the SEs and ranges. Such minor
variation is important to detect changes due to any interven-
tion. The small difference between the measured values and the
literature values can most likely be ascribed to the fact that the
measurements were made on blood drawn from capillaries, not
arteries.
Experiments
Experiment 1. Average results after all-out interval bicycling
are shown in Fig. 1. The large increase in [H] [from 37  1.5
nM (pH7.43) to 62.2 7.6 nM (pH7.21), P 0.001, n
56; Fig. 1A] together with the large decrease in [HCO3] (from
23.8  1.6 to 13.0  2.3 mM, P  0.001, n  56; Fig. 1B)
quickly led the students to conclude that a metabolic acidosis
had developed.
A number of buffer pairs participate in buffering H. For
simplicity (and according to the isohydric principle), these can
be divided into two groups: the HCO3 buffer system and
non-HCO3 buffers (hereafter called Buffer), Buffer primar-
ily includes hemoglobin but also buffers such as organic and
inorganic phosphate, plasma proteins, other intracellular pro-
teins, etc. Thus, the total amount of buffer base in the blood
([BB]) can be defined as follows: [HCO3]  [Buffer].
The buffer reactions most likely to occur during the devel-
opment of an acute metabolic acidosis are as follows:
H  HCO3
) H2CO3 ) H2O CO2
H  Buffer) HBuffer
ABE is defined as the difference between the concentration of
buffer base from its normal value, i.e., [ABE]  [BB]actual 
[BB]normal. [BB]normal is defined as the total amount of buffer base
under completely normal acid/base conditions (i.e., pH 7.4,
PCO2  40 mmHg, and [HCO3]  24 mM). In this situation,
[BB]normal usually amounts to 48 mM depending on the concen-
tration of hemoglobin. It was for this reason that measurements of
hematocrit were included.
In this laboratory exercise, ABE decreased from 0.2 1.4 to
13.9  3.1 mM (P  0.001, n  56; Fig. 1C). Furthermore,
all students found that the decrease in [ABE] exceeded the
decrease in [HCO3], illustrating the fact that buffers other than
HCO3 (i.e., Buffer) were consumed in the buffer reactions.
To arrive at the diagnosis of metabolic acidosis, students
also needed to evaluate PCO2. Most students found a small
decrease in PCO2 (from 36.9  3 to 33.8  4.7 mmHg, P 
0.001, n  56; Fig. 1D), and most of the students commented
that this change in PCO2 could not be the cause of the acid/base
Table 1. Validation of the control situation
Parameter
Reference Value
(From the Literature)
Control Values (Preexperimental
Data)
Means  SE Range
[H], nM 40  5 37.0  1.5 34–40
PCO2, mmHg 40  5 36.9  3.0 30–45
[HCO3], mM 24  2 23.8  1.6 21–28
Base excess, mM 0  3 0.2  1.4 3.2 to 3.3
O2 saturation, % 96  2 95.8  1.2 93–99.9
Reference values were taken from Ref. 6.
Fig. 1. Average results after all-out interval bicycling. Solid bars, before the experiment; open bars, after completion of the experiment. A: change in [H] (in
nM). B: change in [HCO3] (in mM). C: change in actual base excess (ABE; in mM). D: change in PCO2 (in mmHg). Values are means  SE; n  56.
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disturbance because one would then expect a change in pH in
the opposite direction. They arrived instead at the conclusion
that this decrease in PCO2 was a sign of early respiratory
compensation. Respiratory compensation can be observed after
a few minutes but requires hours to fully develop. The com-
pensatory response is mediated by an increase in ventilation,
which, in turn, occurs in response to the increase in [H],
which is sensed by the peripheral chemoreceptors. This in-
crease in ventilation drives down PCO2, as observed. No
changes in O2 saturation were observed, as expected (data not
shown). Finally, all students were able to explain that the
acidosis had occurred due to lactate formation as a result of
anaerobic metabolism during all-out interval bicycling.
Table 2 shows the complete set of original laboratory data
after all-out interval bicycling. Data were collected from 56
groups of medical students that had participated in this labo-
ratory exercise. Table 2 shows the very consistent and solid
findings after interval bicycling. All results are consistent with
a diagnosis of acute metabolic acidosis, and, in addition, 47
groups were able to detect early signs of respiratory compen-
Table 2. Complete set of original laboratory data after “all-out” exercise
Student Team pH [H], nM PCO2, mmHg [HCO3], mM Actual Base Excess, mM O2 Saturation, %
1 7.23 59 34 14 13 96
2 7.25 56 31 13 13 98
3 7.13 75 43 14 16 96
4 7.13 75 43 14 16 96
5 7.24 58 35 15 12 95
6 7.12 76 29 9 21 98
7 7.15 71 41 14 15 95
8 7.24 58 30 12 14 95
9 7.21 62 30 12 16 96
10 7.15 71 30 10 18 96
11 7.10 80 34 10 20 93
12 7.20 63 37 14 13 91
13 7.23 60 36 14 12 93
14 7.30 50 37 18 8 95
15 7.21 62 28 11 16 95
16 7.18 66 37 13 14 96
17 7.20 63 35 13 15 96
18 7.28 52 32 15 11 98
19 7.30 50 38 19 7 94
20 7.23 59 37 15 12 94
21 7.26 55 32 14 13 95
22 7.19 65 43 15 13 93
23 7.21 62 32 12 15 95
24 7.23 59 30 12 14 96
25 7.27 54 30 13 12 97
26 7.14 72 38 13 17 97
27 7.23 60 28 11 16 96
28 7.23 60 26 10 16 98
29 7.29 51 29 14 12 97
30 7.27 54 33 15 12 96
31 7.26 55 32 14 12 96
32 7.19 65 27 10 17 97
33 7.22 60 32 13 15 93
34 7.25 56 42 16 11 95
35 7.18 66 36 13 14 96
36 7.20 63 20 8 19 98
37 7.16 69 34 12 17 96
38 7.16 70 39 13 16 98
39 7.33 47 38 20 6 97
40 7.18 66 33 12 16 96
41 7.24 58 34 14 12 95
42 7.19 65 36 14 14 92
43 7.23 59 35 14 13 95
44 7.20 63 37 14 14 96
45 7.18 66 35 13 15 96
46 7.17 68 35 12 16 94
47 7.19 65 33 12 16 98
48 7.19 65 38 14 14 93
49 7.30 50 34 16 10 95
50 7.13 74 37 12 17 95
51 7.17 68 30 11 17 94
52 7.25 57 34 14 12 96
53 7.18 67 38 13 15 96
54 7.16 69 37 13 16 96
55 7.16 70 25 9 20 97
56 7.31 49 36 18 8 95
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sation. Not one single group failed to obtain data that were
compatible with this diagnosis; it was only the degree of
acidosis and compensation that varied.
Experiment 2. Average results after voluntary hyperventila-
tion are shown in Fig. 2. The decrease in [H] [from 37  1.5
nM (pH7.43) to 27.3 3.0 nM (pH7.56), P 0.001, n
56; Fig. 2A] together with the large decrease in PCO2 (from
36.9  3.0 to 23.7  4.2 mmHg, P  0.001, n  56; Fig. 2D)
quickly led the students to conclude that respiratory alkalosis
had developed.
The buffer reaction most likely to occur during the devel-
opment of an acute respiratory alkalosis is as follows:
HBuffer HCO3
) Buffer  H2CO3
+
H2O CO2
No changes in the total amount of buffer base occur during
acute respiratory alkalosis, because for every HCO3 con-
sumed, one Buffer is formed, leading to no net change in
[BB] and, hence, no change in ABE (equal to [BB]actual 
[BB]normal). In this laboratory exercise, ABE did not signifi-
cantly change (from 0.2  1.4 to 1.08  1.7 mM, P 	 0.001,
n  56; Fig. 2C). To arrive at the diagnosis of respiratory
alkalosis, students also needed to evaluate the value of HCO3.
Most students found a small decrease in HCO3 (from 23.8 
1.6 to 21.3  2.2 mM, P  0.001, n  56; Fig. 2B), and most
of the students commented that this change in HCO3 could not
be the cause of the acid/base disturbance because one would
then expect a change in pH in the opposite direction. They
arrived instead at the conclusion that this decrease in HCO3
was the result of the buffer reaction taking place during the
development of an acute respiratory alkalosis.
Finally, all students were able to explain that the alkalosis
had occurred due to the loss of too much CO2. And that this
loss caused blood [H2CO3] and, thus, [H] to fall. They argued
that hyperventilation results in respiratory alkalosis, because
CO2 is being removed more rapidly than it is being formed,
causing arterial PCO2 to fall. No changes in O2 saturation were
observed, as expected (data not shown).
Table 3 shows the complete set of original laboratory data
after voluntary hyperventilation. There were very consistent
and solid findings. All results were consistent with a diagnosis
of acute respiratory alkalosis. Not one single group failed to
obtain data that were compatible with this diagnosis; it was
only the degree of alkalosis that varied.
Further Development of This Laboratory Exercise
The acid/base laboratory exercise described in this study can
easily be expanded to include other areas of physiology, such
as respiratory physiology (measurements of respiratory
changes during pH recovery), renal physiology (urine analysis
during pH recovery), or exercise physiology (measurements of
workload in relation to the development of acidosis).
The design of the exercise can be further developed, for
example, by considering the findings of Modell et al. (4),
which showed that student learning benefits considerably by
adding a “predictor protocol” to the experimental design. In the
predictor protocol, students try to predict the results of the
experiments they are going to carry out. This is shown to be a
very effective way to remediate misunderstandings. The reflec-
tions needed when comparing predictions with results stimu-
lates deep understanding of complicated aspects. Furthermore,
a predictor protocol is in accordance with the Kirschner and
Meester (3) objectives mentioned below, about “formulating
and testing a hypothesis.”
Student Learning Evaluation
Kirschner and Meester (3) defined eight student-centered
general objectives that apply to practical work in science:
• To formulate a hypothesis
• To solve problems
• To use knowledge and skills in unfamiliar situations
• To design simple experiments to test hypotheses
• To use laboratory skills in performing (simple) experiments
• To clearly describe the experiment
• To remember the central idea of an experiment over a
significantly long period of time
• To interpret experimental data
The worst that can happen after a laboratory exercise is
when the students go home and write a report based on bad or
“wrong” data and try to make sense out of it. This is difficult
and sometimes impossible, but unfortunately the students
spend so much time on their report that they do remember it. It
is then very difficult to correct their misunderstandings at a
later point. Especially in acid/base physiology, the last thing
the teacher wants is to make this issue more complicated than
it already is. This is why it is so important that the laboratory
exercise described above provides all the students with unam-
biguous results. This exercise was able accomplish such an
outcome. All 56 groups obtained data that were significantly
different from normal arterial blood values, and all 56 groups
arrived at the correct acid/base disturbances.
Fig. 2. Average results after maximal voluntary hyperventilation. Solid bars, before the experiment; open bars, after completion of the experiment. A: change
in [H] (in nM). B: change in [HCO3] (in mM). C: change in ABE (in mM). D: change in PCO2 (in mmHg). Values are means  SE; n  56.
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This was reflected in their reports, which were all of a very
high standard. It turned out, however, that a list of explicit
demands on the content of their reports was necessary; other-
wise, the reports would be missing important reflections
needed for a more complete understanding of the acid/base
physiology involved in this exercise (1).
Another advantage of this laboratory exercise is that the
students experienced both respiratory and metabolic disorders
as well as acidosis and alkalosis. Attempts to induce respira-
tory acidosis (by inhaling CO2) were given up for two reasons:
difficulties with blood sampling being fast enough and air tight
enough to ensure that the CO2 would remain in the sample and
for safety reasons.
Today’s case report was included in this laboratory exercise
to cover more complicated aspects of acid/base physiology,
especially compensatory mechanisms. In addition, most of
these case reports represented acid/base disorders not covered
in the exercise (i.e., respiratory acidosis, metabolic alkalosis, or
mixed acid/base disorders). The inclusion of Today’s case
report also made it very difficult for the students to copy from
Table 3. Complete set of original laboratory data after voluntary ventilation
Student Team pH [H], nM PCO2, mmHg [HCO3], mM Actual Base Excess, nM O2 Saturation, %
1 7.66 22 20 23 4 98
2 7.61 25 20 21 1 95
3 7.55 29 28 24 3 97
4 7.55 29 28 24 3 97
5 7.63 23 21 22 2 98
6 7.60 25 20 20 0 97
7 7.64 23 19 21 2 97
8 7.52 31 24 19 2 92
9 7.59 26 20 19 0 99
10 7.50 32 25 20 2 98
11 7.51 31 21 17 4 96
12 7.57 27 25 23 2 97
13 7.57 27 23 21 1 93
14 7.58 26 19 17 2 94
15 7.57 27 21 19 0 97
16 7.50 32 34 26 4 96
17 7.50 32 33 26 4 94
18 7.57 27 26 23 3 95
19 7.51 31 29 23 1 92
20 7.53 30 27 22 2 94
21 7.57 27 21 20 1 92
22 7.50 32 33 25 3 88
23 7.55 28 27 23 2 94
24 7.61 25 26 20 1 98
25 7.52 30 25 21 0 95
26 7.54 29 26 23 2 98
27 7.59 26 23 21 1 99
28 7.61 25 21 21 2 94
29 7.64 23 18 20 1 98
30 7.59 26 20 19 1 94
31 7.62 24 20 21 2 96
32 7.48 33 28 21 0 94
33 7.50 32 30 23 2 91
34 7.59 26 25 24 4 91
35 7.47 34 28 20 2 96
36 7.54 29 27 23 2 98
37 7.56 28 22 25 1 100
38 7.52 30 28 23 1 92
39 7.56 28 26 24 3 99
40 7.66 22 18 21 3 98
41 7.58 27 23 21 1 98
42 7.54 29 26 22 1 96
43 7.53 30 27 23 2 96
44 7.65 22 17 19 0 87
45 7.61 25 23 22 2 96
46 7.56 28 21 19 2 99
47 7.52 30 26 21 0 98
48 7.57 27 27 25 4 97
49 7.63 23 16 17 2 99
50 7.51 31 28 22 0 93
51 7.60 25 22 22 3 96
52 7.57 27 26 24 3 97
53 7.62 24 19 20 1 97
54 7.59 26 22 21 2 97
55 7.59 26 23 22 2 98
56 7.62 24 18 18 1 95
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other reports, because of the large number of different case
reports.
In summary, this laboratory exercise has been a large im-
provement in teaching acid/base physiology. Students work
hard and enthusiastically during the exercise with a hint of
competition: which group can obtain the most extreme changes
in pH? They dealt comfortably with complicated issues such as
base excess, and they especially emphasized the following in
their evaluation of the course:
• This laboratory exercise was easy to perform and not very
time consuming.
• It was exciting to perform experiments on one’s self.
• They experienced that the theory fits with reality and they
found that satisfactory–and also surprising.
• Today’s case report made them realize that this part of
physiology is very relevant in their future careers; hence,
they became more interested in the more theoretical aspects
of acid/base physiology.
Thus, the overall learning strategy for the medical curricu-
lum at University of Southern Denmark [the FAIR principles
(2)] has been met to a large extent. FAIR stands for feedback,
activity, individualization, and relevance. Feedback and activ-
ity are intrinsic features of any well-designed laboratory exer-
cise, but the individualization acquired by using individual
results and the use of Today’s case report for highlighting the
relevance aspect of the experiment are unique.
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